A yeast deletion library was screened based on NADH fluorescence using a 384-well plate assay to identify a yeast isolate lacking a previously identified cell surface oxidase exhibiting an oscillatory pattern with a period length of 25 min and resistant to the ENOX1-specific inhibitor simalikalactone D (YNOX for yeast-specific ENOX = ENOX4). The cDNA was cloned from a yeast over expression library using NADH fluorescence analyzed by Fast Fourier transform and decomposition fits. The objective was to identify and sequence an ENOX homologue in Saccharomyces cerevisiae with a 25 min rather than a 24 min period length (YNOX). The finding identified YDR005C as the yeast ENOX protein with a temperature-independent 25 min period length and insensitive to inhibition by simalikalactone D. The encoded protein was expressed in bacteria and characterized. Gel slices corresponding to 55 kDa and 39 kDa His-tagged proteins exhibited 25 min oscillatory patterns not inhibited by 1 µM simalikalactone D for both NADH oxidation and reduced coenzyme Q10 oxidation as well as a protein disulfide-thiol interchange activity which alternated with the oxidative activities. Activities were phased by low-frequency electromagnetic fields but, in contrast, to yeast ENOX1, not by addition of melatonin. The assay in the presence of D 2 O shifted the length of the oscillatory period from 25 min to 32 min. The YDR005C deletion mutant cells lacked the ENOX4 clock output present in the wild type yeast.
Methods
Candidates for ENOX1 and ENOX4 were selected from a deletion library of nonessential yeast genes (strain BY4741 courtesy of Mark Hall, Purdue University) which showed patterns with 5 to 7 -8 maxima. The deletion candidates used for ENOX4 were affected by the presence of ENOX1 inhibitor simalikalactone D. Of these ENOX4 candidates, those that showed a 25 min oscillatory pattern of NADH oxidation and/or reduced coenzyme Q 10 assays were selected. The expression library screen was strain MORF courtesy of Tony Hazbun, Purdue University.
Saccharomyces Growth and Preparation
Yeasts were grown at room temperature with shaking in rich media (YEPD) for 1 -2 days until saturation. The yeast strains were maintained on YEPD agar plates and stored at 4˚C. Yeast cells were inactivated by heating for 1 h at 70˚C prior to assay.
Purification of ENOX4
The yeast whole cell pellet with overexpression of His-tagged ENOX4 isolated from the overexpression library (Yeast ORF library, Open Biosystems),was resuspended in 20 mM Tris-HCl, pH 8.0 with 0.5 mM benzamidine, 0.5 mM PMSF and 1 mM 6-aminohexanoic acid. Cells were lysed by three passages through a French pressure cell at 20,000 psi. The resultant pellet was extracted sequentially. The supernatant following centrifugation at 10,000 rpm for 15 min at 40˚C was saved. The resultant pellet was then extracted with 20 mM Tris-HCl, pH 8.0, containing 1% Triton X-100, 20 mM Tris-HCl, pH 8.0, with 0.3% sarcosine and in 20 mM Tris-HCl, pH 8.0 with 0.4% SDS. The combined supernatants were analyzed by SDS-PAGE and western blot and silver stain to determine the location of ENOX4. Additionally the supernatant was applied to a nickel nitrilotriacetic acid (Ni-NTA) column to bind to the histidine tag and eluted with imidazole to further purify the protein. The identity of the ENOX4 protein was confirmed by sequencing.
SDS-PAGE Gel Slicing
The SDS-PAGE gels were sliced every 0.5 cm and the slices were eluted with 50 mM Tris-MES, pH 7.0 overnight in 4˚C. The gel slice elutes were assayed for ENOX activity based on NADH oxidation. Proteins were determined by the bicinchoninic acid (BCA) method with bovine serum albumin as a standard [18] .
SDS-Page and Western Blot
Yeast samples were resolved on 10% SDS polyacrylamide gels were transferred to a nitrocellulose membrane at 90 V for 1 h. A 5% solution of non-fat milk powder was used for blocking and the probe used for the western blot was a 1:2500 anti-histidine antibody (Genscript, Cat. No. A001865).
Measurements of Enzymatic Activities
Measurements of enzymatic activities were as described previously [16] . The oxidation of NADH was measured from the disappearance of NADH at 340 nm. An extinction coefficient of 6.22 mM −1 ·cm −1 was used to determine specific activity. The oxidation of reduced coenzyme Q 10 (CoQ 10 H 2 ) was determined from the disappearance of reduced CoQ at both 290 nm and 410 nm. An extinction coefficient of 0.805 mM −1 ·cm −1 was used to calculate the rate of Q 10 H 2 oxidation. The increase in absorbance due to the cleavage of DTDP was monitored at 340 nm. The specific activity of the cleavage reaction was calculated using a millimolar absorption coefficient of 6.21.
NADH Fluorescence
As YEPD medium is fluorescent, heat-inactivated yeast cells were washed with PBS by centrifuging the cells in the benchtop mini centrifuge (VWR, Pennsylvania) for 1 -2 min, the supernatant was discarded and the pellet was resuspended in PBS. This suspension was used for measurements of NADH fluorescence.
The inactivated yeast suspension in PBS was added to wells of a black 96-well plate at a dilution of 1:10 in a volume of 20 µl. The PBS for the experiment was supplemented with 2% glucose to support enzyme activity. The plate was loaded into a Fluoroskan fluorescent plate reader and the samples were measured once every min for 2 -8 h, with excitation at 355 nm and emission at 460 nm. Data were analyzed by Fast Fourier Transform (Minitab 15) and decomposition analysis (Minitab 15) [19] .
Results
The yeast deletion library of non-essential genes was screened by NADH fluorescence and analyzed with decomposition fits. A total of 4846 strains were screened. NADH fluorescence of each strain was analyzed by fitting the data to a 24 min period and inspecting the resulting graphs for loss of complexity compared to the wild-type strain. The wild type exhibited at least 7 or more maxima in the decomposition fits (Figure 1(A) ).
Each decomposition fit was inspected and the maxima were counted. Thirty-two candidate genes with the requisite number of 5 maxima when deleted yielded one strain YDR005C with protein properties consistent with its identity as the ENOX4 protein of Saccharomyces cerevisiae (Figure 1(B) ).
The uninduced yeast lysate and the induced yeast lysate both showed similar oscillatory patterns with the Figure 4 ). It contained a S219LGPFG putative adenine binding motif and putative copper binding motifs Y246PDH and Y335LYas well as a potential protein disulfide interchange motif C23KIVFSC. There were essentially no homologies between the amino acid sequence of the YDR005C and the yeast ENOX1 protein YM117W with the 24 min period length [16] .
The YDR005C gene product, when over expressed and analyzed, did exhibit properties associated with the ENOX proteins of other species but with a period length of 25 min rather than 24 min. Sliced and pulverized SDS-PAGE gels from which the protein was eluted overnight in assay buffer revealed enzymatic activity in the regions of the gel occupied by two molecular weights of 55 and 39 kDa ( Figure 5 ). NADH oxidase activity was localized in slices 5 and 7, corresponding to molecular weight ranges of 49 -60 kDa and 36 -41 kDa. These slices contained the protein based on western blot localization of the His-tag at molecular weights of 55 kDa and 39 kDa (Figure 5, inset) .
The gel slice elute containing the 55 kDa His-tagged YDR005C was assayed to determine the NADH oxidase activity and the pattern of oscillatory maxima (Figure 6 ). The assay showed a similar symmetric pattern of five maxima with a period length of 25 min and the failure of 1 µM simalikalactone D to inhibit the activity.
When hydroquinones were employed as a natural membrane located substrate using the gel slice elute corresponding to the 55 kDa His-tagged YDR005C, a 25 min period of 5 maxima was seen either as an increase in absorbance at 410 nmor as a decrease in absorbance at 290 nm (Figure 7 ). The addition of 1 µM simalikalactone D was without effect on hydroquinone oxidation catalyzed by YDR005C.
The protein disulfide-thiol interchange activity of the gel slice elute containing the desired 55 kDa His-tagged YDR005C was determined by cleavage of dithiodipyridine substrate (Figure 8) . The five maxima oscillatory pattern was obtained similar to the NADH oxidase activity. However, in contrast to NADH oxidation where maxima  and  often appear to dominate (e.g., Figure 6 ), the maxima separated by 4.75 min, labeled , , and , were of greater amplitude than maxima labeled  and  separated by 6 min. The YDR005C-catalyzed cleavage of the dithiodipyridine substrate was not inhibited by 1 µM simalikalactone D (Figure 8, dotted lines  and open circles) .
Unlike the constitutive ENOX1, the activity of YDR005C was not phased by addition of 10 µM melatonin. With ENOX1 proteins, a new maximum of NADH oxidation corresponding to maximum  of the periodicity pattern was observed 24 min following melatonin addition. With YDR005C, melatonin addition was without effect (Figure 9) .
When assayed in D 2 O, the period length of YDR005C was increased from 25 min to 32 min (Figure 10 ). An increase of 25% in period length when assayed in heavy water is a general characteristic of all ENOX proteins. In addition, the period of purified yeast YDR005C based on rate of NADH oxidation was shifted by exposure of the assay cuvette to a low-frequency electromagnetic field (50 µT for 20 sec) (Figure 11 ).
Discussion
As reported previously [16] , the yeast Saccharomyces cerevisiae exhibits an ENOX1 activity with a period length of 24 min similar to that of other eucaryotes [15] . However, S. cerevisiae has a second ENOX1-like activity with a period length of 25 min [16] . The latter is different from the yeast ENOX1 and ENOX1 proteins in general not only from the longer period length but also by being resistant to the specific ENOX1 inhibitor simalikalactone D and failure of the 25 min rhythm to be phased by melatonin. In this report, the ENOX with a period length of 25 min, previously referred to as YNOX for yeast NOX and now designated as ENOX4, is identified as YDR-005C based on screening of a yeast deletion library and cloning from a yeast overexpression library. There is little or no sequence similarity of YDR005C to other known ENOX proteins. However, required functional motifs are conserved. A potential adenine nucleotide binding motif is found in the form of S219-XGXXG and a possible protein disulfide interchange site at C23XXXXXC. Putative copper binding sites are found at Y246PDH and Y335LY. Site-directed mutagenesis studies to confirm these sites have been carried out with the yeast ENOX1 protein [15] and the ENOX1 of human [20] derivation but remain to be completed for YDR005C.
ENOX1 proteins are ubiquitous on the surface of all cells thus far studied [21] . They are protease and heat resistant [22] and responsive to hormones and growth factors [1] [23] . The constitutive ENOX1 serves as an ultradian oscillator of the biological clock [14] and, as such, is important for understanding circadian rhythms.
ECTO-NOX proteins are considered to function as homodimers associated with the external surface of the cell [20] . Each monomer contains two copper atoms. This allows each dimer to transfer four electrons and produce two molecules of water from one oxygen molecule. Both the mammalian ENOX1 [20] and the yeast ENOX1 [16] contain two or more copper binding sites which, when mutated, lead to a loss of ENOX1 activity.
ENOX1 proteins are the terminal oxidases of plasma membrane electron transport and play an important role in oxygen consumption at the cell surface. NADH is an impermeant substrate, so when added to an assay, it is presented to the outside of the cell and only available to enzymes that are on the outside of the cell. Although NADH is used as a substrate in our assays, the natural substrates of the ECTO-NOX proteins are the hydroquinones that reside within the plasma membrane leaflets [12] . When hydroquinones are oxidized by the ECTO-NOX proteins, they are then available to be reduced by the quinone reductases that reside at the inner surface of the plasma membrane. The quinone reductases use NAD(P)H in the cytoplasm to reduce the hydroquinones, resulting in a net increase in NAD(P) + in the cytoplasm. The ECTO-NOX proteins also catalyze another reaction, disulfide-thiol interchange, in which they exchange their thiols with disulfide bonds in other proteins and vice versa. This activity is responsible for cell enlargement through breakage and formation of disulfide bonds between membrane proteins essential for growth [21] . In addition to NADH oxidation, both activities catalyze hydroquinone oxidation and protein disulfide-thiol interchange as evidenced by cleavage of the dithio-dipyridine (DTDP) substrate. These activities, NADH or hydroquinone oxidation and protein disulfide-thiol interchange, alternate in a manner unprecedented in the biochemical literature and are unique to the ENOX family of proteins [1] [12] .
The two yeast ENOX1-like activities are not identical. The activity with a 25 min period is not inhibited by the ENOX1 inhibitor simalikalactone D nor is the 25 min period phased by melatonin. When melatonin is added to the reaction mixture, mammalian ENOX1 begins a pattern of maxima exactly 24 min after melatonin addition. The 24 min yeast ENOX1 period follows this same pattern. In contrast, the 25 min yeast ENOX period does not. It has been shown that hydrogen sulfide and acetaldehyde can synchronize the 40 min period of oxygen consumption in a population of cells in continuous culture [24] so it is possible that the 25 min period may respond to other synchronizing influences. YDR005C (ENOX4) activity does respond to low-frequency EMF by shifting the phase.
It is unclear why the ENOX4 period is slightly longer than the ENOX1 period. The altered period length may be due to differences in the disulfide-thiol interchange motif, as mutations in this site in other ENOX proteins result in altered period lengths [20] [25] .
ECTO-NOX proteins are heat-(80˚C) and protease-resistant [10] [22] [26] - [30] and they form amyloid rods visible with the electron microscope. All ECTO-NOX proteins are prone to aggregation when they are concentrated or in a relatively pure solution.
The statistical validity of the asymmetric non-sinusoidal oscillatory activity pattern has been validated previously by Fast Fourier and decomposition (seasonal forecasting) analyses [19] . Each 24 min period exhibits 5 maxima, 2 of which are separated by 6 min designated as  and  and the remainders of which, designated as ,  and , are separated from each other and from maximum  and  by 4.75 min [6 + 4 × (4.75) = 25 min].
It is interesting that in yeasts, ENOX1 inhibitors do not inhibit growth, as they do in mammalian and plant cells [3] . This attribute is probably due to the difference in the method of enlargement. Plant and mammalian cells enlarge by physical membrane displacement [31] - [33] whereas yeasts enlarge by tip growth or budding [34] [35] . In mammalian cells, the cell enlargement function of ENOX1 is central to its activity and essential for cell viability, so studying the other functions of ENOX1 is not possible. In yeasts, the enlargement function is no longer a primary function, so that other activities of ENOX1 can be studied separately from cell growth.
